Cerebral cortical intrinsic connectivity networks share topographically arranged functional connectivity with the cerebellum. However, the contribution of cerebellar nodes to distributed network organization and function remains poorly understood. In humans, we applied theta-burst transcranial magnetic stimulation, guided by subject-specific connectivity, to regions of the cerebellum to evaluate the functional relevance of connections between cerebellar and cerebral cortical nodes in different networks. We demonstrate that changing activity in the human lateral cerebellar Crus I/II modulates the cerebral default mode network, whereas vermal lobule VII stimulation influences the cerebral dorsal attention system. These results provide novel insights into the distributed, but anatomically specific, modulatory impact of cerebellar effects on large-scale neural network function.
Introduction
The functions of the cerebellum were thought to be confined to motor control and thus that cerebellar lesions resulted exclusively in deficits of extremity coordination, balance, gait, clarity of speech, or eye movements. This view has been superseded by a more nuanced understanding of the role of the cerebellum in neurological and neuropsychiatric function. Patients with lesions of the cerebellar anterior lobe demonstrate findings of impaired movement control, whereas those with lesions confined to the cerebellar posterior lobe do not develop motor deficits but rather a constellation of problems in higher-order functions conceptualized as the cerebellar cognitive affective syndrome (Schmahmann and Sherman, 1998; Stoodley et al., 2010) .
As in the cerebral hemispheres, the network nodes in the cerebellum are topographically arranged . The default mode network was assigned multiple different locations in the cerebellum in early studies (Fox et al., 2005; Habas et al., 2009 ), but larger sample datasets have been able to define the cerebellar default network nodes more clearly within Crus I and Crus II of the cerebellar hemispheres Buckner et al., 2011) . The locations of the spontaneous activity correlations observed in the cerebellum and the cerebral cortex reflect known cerebro-cerebellar anatomical connections, such that, when lesions disrupt anatomical connectivity, functional connectivity is also lost (Lu et al., 2011) . Thus, the cerebellar nodes of cortical networks are likely actively involved in network function.
We have shown previously that functional connectivity can be altered between the site of stimulation and other network nodes (Eldaief et al., 2011) . This modulation was dependent on the frequency of stimulation, demonstrating a dose dependence of the effect. Transcranial magnetic stimulation (TMS) to a single region may not change connectivity between regions but rather only change the activity in a single location, which is reflected in the connectivity measurement between regions. Alternatively, TMS to a single region may alter functional connectivity within the whole network, secondary from effects to the stimulated target. The previous cortical stimulation demonstrated changes between the stimulated site and additional network nodes but could not establish network-wide changes (Eldaief et al., 2011) .
Here we explore whether stimulation of a network node is spatially specific and can spread beyond stimulated connections to affect distributed network activity. We examined the topography of network modulation by stimulating the right cerebellar node of the default network with intermittent theta-burst stimulation (iTBS) TMS ( Fig.  1 ) and compared the changes in network connectivity to the changes resulting from cerebellar midline (vermis) stimulation and sham stimulation within the same healthy participants. Right lateral cerebellar stimulation was localized with functional connectivity before stimulation, midline stimulation targeted lobule VII of the cerebellar vermis, and sham stimulation was delivered using a specially designed sham coil that replicates the perception of active TMS. Nine participants were scanned using resting-state imaging in three separate experimental sessions during which they received neuronavigated TMS to the lateral cerebellum, the midline cerebellum, or sham stimulation and thereafter immediately returned to the MRI to assess changes in their resting-state connectivity patterns.
Materials and Methods
Participants. Ten healthy human participants were recruited for this study from the local Boston area. All participants gave informed consent in accordance with the guidelines of the Committee on Clinical Investigations at Beth Israel Deaconess Medical Center. One participant reported feeling nauseous after midline stimulation and was withdrawn from the study. Thus, data from nine participants (four females) are reported.
MRI acquisition. All MR imaging was conducted at the Center for Brain Science at Harvard University using a 3T Tim Trio MRI (Siemens). At the beginning of each TMS resting-state functional connectivity MRI session, a multi-image MPRAGE anatomical image was acquired (1 mm 3 voxels, 2.53 s TR, 1.64 ms TE, 1200 ms inversion time, acceleration factor of 2), and then three 6 min BOLD contrast EPI sequence resting-state runs were collected (3 mm 3 voxels, 3 s TR, 30 ms TE, 90°flip angle, 47 axial slices). Participants were then removed from the scanner and taken to a TMS room near the scanner. After TMS, subjects were put back in the scanner, a short localizer was run, and then three 6 min resting-state runs were collected. After the resting-state scans, a second multi-image MPRAGE was collected for alignment purposes for the post-TMS scans. During the resting-state runs, participants were asked to keep their eyes open and fixate a large white dot on a black background projected on a screen in the rear of the MRI bore. Participants were given the following instructions: "Keep your eyes open, stare at the dot, think about whatever comes to mind, and don't move." No systemic differences were observed in elapsed time between end of stimulation and start of first functional run (all p Ͼ 0.25). The mean time to the first functional scan was 4 min, 15 s.
TMS. All TMS was performed using a MagPro X100 with MagOption (MagVenture), coupled with a Brainsight neuronavigation system with an MEP pod (Rouge Research). Each participant's resting and active motor threshold was measured on the first dorsal interosseous muscle using PowerLab (ADInstruments). Motor stimulation was delivered to the left hemisphere and measured on the right hand using a C-B60 figure-of-eight coil (MagVenture). iTBS was performed in which 10 bursts of high-frequency stimulation (three biphasic waveform pulses at 50 Hz) are applied at 5 Hz, every 10 s for 600 total pulses (Huang et al., 2005) . Cerebellar TMS was delivered at 100% of active motor threshold intensity (Demirtas-Tatlidede et al., 2010) . TMS was delivered using a Cool-B65 AP figure-of-eight coil (MagVenture), which can be used in either active or sham mode. The coil was oriented vertically, along the superior-posterior plane of the neck, with the handle facing upward for all stimulations. During all stimulations, real or sham, two shamming electrodes were placed near the subject's hairline near the stimulation location. These electrodes simulate some of the TMS experience by creating twitches in synchronization with the sham stimulation. All participants were blind to the experimental condition, and condition order was randomized across subjects. Experimenters were not blind to the stimulation condition. Two cerebellar targets were selected. The right cerebellar node of the default network was functionally localized using resting-state imaging in each subject, by using a precuneus seed from a previous session. A target was placed in cerebellar cortex nearest the center of largest connectivity in the lateral cerebellum, which was always in Crus I or Crus II (mean MNI: 41, Ϫ72, Ϫ39). The second target was based on previous literature describing vermis cerebellar stimulation (Demirtas-Tatlidede et al., 2010) . This target was placed in lobule VII (according to Schmahmann et al., 2000) in the midline cerebellum, determined anatomically from a previous MRI session (mean MNI: 1, Ϫ73, Ϫ33). No systematic differences were observed in stimulation amplitude across conditions. All sessions were separated by a minimum of 48 h to avoid carryover effects.
Functional connectivity MRI data analysis. All analysis was performed using previously described techniques (Halko et al., 2010; Eldaief et al., 2011) . Briefly, resting-state fMRI data were preprocessed: spatial normalization to the standard MNI152 template, slice-timing correction, and motion correction. A second preprocessing stage removed nuisance variables (global mean signal, motion, white matter, and CSF) and spatiotemporally smoothed the data (Ͼ0.08 Hz, 7 mm FWHM). After preprocessing, region-of-interest "seeds" were used as masks to extract a mean time course for a seed. This mean time course was then correlated against all voxels in the brain to compute a functional connectivity map to the original seed. Time courses from a priori selected seed regions were extracted and then correlated. All correlations were then z-transformed using Fisher's r-to-z transformation for subsequent statistical analysis. Seed regions were individually localized based on same-subject restingstate data. For default network analysis, the entire default network of the seven network parcellation nodes from the study by was used as a single seed to generate a network map, individualized to the subject. This map was computed for pre-TMS visits on the other days (e.g., to estimate network connectivity from lateral stimulation day, pre-TMS connectivity from the sham and midline stimulation sessions were used to create individual seed maps). These maps were then thresholded, and then individual clusters were selected using the default network map. Thus, to identify an individual subject's left inferior parietal lobule (LIPL) default network node for lateral stimulation, the Yeo average default network map was used as a seed to generate functional connectivity maps from pre-TMS sham and pre-TMS midline sessions. These sessions were then averaged together, thresholded, and then multiplied by an inflated mask of the LIPL node in the Yeo average map. The resultant seed is an LIPL node, derived from an independent measure of the individuals own intrinsic connectivity pattern. This seed was indepen- Figure 1 . Graphical depiction of the experimental setup. Previous MRIs were used to target the lateral node of the default network in cerebellar Crus I and II and lobule VII of the cerebellar vermis (lobules VIIAt/VIIB). Three experimental sessions were conducted at least 48 h apart, in which resting-state fMRI was collected before stimulation, stimulation (sham, right lateral default network cerebellum or midline VII cerebellar vermis) was delivered outside the scanner, and participants were returned immediately to the scanner for a second resting-state fMRI data collection. dently created for every session (e.g., midline stimulation was derived from lateral and sham, sham stimulation was derived from lateral and midline). The same seeds were used to compare pre-TMS to post-TMS within each individual. Uncorrected t statistic maps were generated to give an overview of the voxelwise pattern of statistical change. Regionof-interest analysis was performed on expected main effects within the core default network: precuneus/posterior cingulate cortex (PCC), medial prefrontal cortex (MPFC), LIPL, and right IPL (RIPL), as well as the stimulated right cerebellar default network node. All ANOVAs were tested for homogeneity of variance using the Fligner-Kileen test and were not found to violate the assumption of homogeneity.
Results

iTBS TMS to the default network cerebellum node increases functional connectivity within the cerebral cortical default network
If the cerebro-cerebellar functional connectivity observed at rest has a causal affect on the cerebral corticocortical network functional connectivity, then TMS to the cerebellum should change functional connectivity between the cerebellum and cerebral cortical locations. To investigate this hypothesis, we compared functional connectivity between the right lateral cerebellum default network target and the default network: PCC, mPFC, LIPL, and RIPL before and after each stimulation condition. Each z-transformed Pearson's correlation coefficient difference (post Ϫ pre) was entered into a two-way ANOVA to compare the effect of TMS target and seed location. A significant effect of TMS target was found (F (2, 96) lateral midline sham and midline stimulation ( p ϭ 0.002) but no difference between sham and midline stimulation ( p ϭ 0.69; Fig. 2 ).
To evaluate the core hypothesis, that cerebellar stimulation will change corticocortical functional connectivity, we examined region-to-region connectivity within regions of cortical default network (PCC, MPFC, RIPL, LIPL). A significant effect was found for TMS target (F (2,144) ϭ 16.479, p Ͻ 0.001). A significant effect was also found for seed location (F (5,144) ϭ 3.029, p ϭ 0.012), and no effect was found for the interaction between stimulation session and location (F (10,144) ϭ 0.605, p ϭ 0.81). Post hoc tests revealed the seed-to-seed change from LIPL to RIPL and from RIPL to PCC created the effect of seed location because it was not affected in the lateral stimulation condition, but no seed pair was significantly different from each other in corrected post hoc tests (all p Ͼ 0.05). Post hoc tests showed significant increases in functional connectivity for lateral stimulation compared with sham ( p Ͻ 0.001) and midline ( p Ͻ 0.001) stimulation. We also found a difference between midline stimulation and sham ( p Ͻ 0.001), but this difference did not survive when the RIPL seeds above were removed from the model ( p ϭ 0.47; Fig. 3 ). Individual subject differences are shown in Figure 4 .
To confirm the finding of region-to-region increases in functional connectivity, we performed a voxelwise comparison test of default network functional connectivity before and after stimulation (Fig. 5 ). These maps demonstrate the location specificity of the stimulation of the cerebellum on default network modulation. Functional connectivity within the default network was altered only in the lateral cerebellum condition (targeting the cerebellar default network node). No default network changes are apparent as a result of midline cerebellum stimulation or from sham stimulation, even when examining uncorrected t statistic images.
Feedback projections from the cerebellum to the cerebral cortex are conveyed from the deep cerebellar nuclei, principally the dentate nucleus, to terminate in thalamus from where they are then conveyed to the cerebral cortex (Brodal, 1981) . Therefore, it would be expected that stimulation of the default network at the right lateral node of the cerebellum would also affect thalamic connectivity. When the voxelwise analysis is applied to the thalamus, only lateral cerebellar stimulation alters default network connectivity within the thalamus (Fig. 6) .
Midline cerebellar stimulation was found to not alter default network functional connectivity. This suggests that cerebellar TMS has sufficient functional resolution to affect nodes of individual networks within the cerebellum. Similarly, no effects were observed in the default network arising from sham stimulation (Fig. 7) .
TMS to network nodes is spatially specific: midline stimulation increases the dorsal attention network but not the default network
The midline stimulation site served as a control to demonstrate the specificity of focal cerebellar stimulation on the default network. The midline cerebellum targets are part of a different cortical network organization that thus may be similarly upregulated by cerebellar stimulation. The cerebellum midline contains a number of network nodes, both deep within the cerebellar vermis and superficial along the medial cerebellar lobes, the most posterior and medial of which is the dorsal attention network (Fig. 7) . Subsequent exploratory analysis of additional networks revealed that the observed effects of stimulation conditions are primarily limited to the default network in the lateral stimulation and the dorsal attention network in the midline stimulation (Fig. 8) .
iTBS TMS to the lateral posterior cerebellum and vermal lobule VII does not alter motor connectivity
The organization of cerebellar functional connectivity suggests that nodes sharing connectivity with nonmotor cortical sites outnumber those sharing connectivity with motor cortical sites and that the nonmotor representations may be more easily assessable via TMS . If the targeted locations indeed are nonmotor, then no change should be observed in functional connectivity between primary motor cortex or within the entire motor system. Thus, a secondary analysis was performed to examine the effect of cerebellar TMS on the motor cortex. Within the entire motor network, no changes in functional connectivity were observed after lateral or midline cerebellar stimulation (midline, t (8) spherical seeds were placed in the hand representation of left and right primary motor cortex (6 mm radius; MNI: Ϯ41, Ϫ20, 62). No significant difference was observed from cerebellar stimulation (midline, t (8) ϭ Ϫ0.21, p ϭ 0.36; lateral, t (8) ϭ 0.07, p ϭ 0.94 all uncorrected). Additional voxelwise analysis revealed no additional change in the motor network.
Discussion
In this study, we demonstrate for the first time that it is possible to acutely modulate cerebral cortical nonmotor resting networks by targeting the cerebellum. When the right cerebellar node of the default network is targeted with iTBS, functional connectivity within cortical nodes of the default network is increased. This was not found when the cerebellar midline was targeted, nor when sham stimulation was applied. In fact, we were able to show a double dissociation, with lateral cerebellar stimulation affecting connectivity of the cortical default network whereas midline cerebellar stimulation affected connectivity in the cortical dorsal attention network, and neither affected motor network connectivity. This is the first demonstration of location specificity of network modulation by TMS. Furthermore, we demonstrate that stimulation of a single node has distributed impact on an entire network. By stimulating the cerebellar default network node, connectivity within the cerebral cortical default network was affected.
Cerebellar modulation of cortical networks
This is the first study to demonstrate that cerebellar stimulation can be used to modulate cerebral cortical network functional connectivity. Previous studies have examined the role of cortical stimulation on cortical functional connectivity (Halko et al., 2010; van der Werf et al., 2010; Vercammen et al., 2010; Eldaief et al., 2011; Chen et al., 2013; Gratton et al., 2013; Watanabe et al., 2014) . Some previous studies have not used individual functional connectivity to map a target location before stimulation (van der Werf et al., 2010; Vercammen et al., 2010) or have targeted cortical regions with high intersubject variability in connectivity (Chen et al., 2013; Gratton et al., 2013) . We demonstrated previously that it is possible to reduce functional connectivity within the default network with high-frequency repetitive TMS (rTMS; Eldaief et al., 2011) . Here, using iTBS to the cerebellum, we show that the default network connectivity can be increased. A graphical comparison between these previous results and the present observations is shown in Figure 9 . Additional investigation into this effect is indicated to determine whether the local effects of rTMS on the cortex differ compared with the cerebellum or arise from differences in anatomical connectivity between the cerebellum and cortex compared with cortical connections. We demonstrate that, by targeting different regions of the same network with similar types of stimulation, upmodulation or downmodulation of network activity can be obtained.
Our findings are consistent with neuroplastic effects within motor cortex from noninvasive brain stimulation (for review, see Grimaldi et al., 2014) . TMS to lateral locations within the cerebellum has been demonstrated to have an effect on motor circuits (Koch et al., 2008) . iTBS, as used in the present study, when directed to presumed portions of the motor cerebellum increases the amplitude of motor-evoked potentials and decreases long intracortical inhibition, which implicates the involvement of GABA B interneurons in motor cortex (Koch et al., 2008) . These findings suggest that cerebellar stimulation will affect cortical circuitry and not just cerebellar-dependent function.
Network specificity of rTMS
The stimulation of two different sites within the cerebellum has two independent network effects: the lateral cerebellum affected the default network, and the midline cerebellum affected the dorsal attention network. Previously, we demonstrated that it was possible to dissociate different subnetworks of the default network by stimulating the same region with different frequencies of rTMS (Eldaief et al., 2011) . Others have demonstrated diffuse effects of TMS between networks (Chen et al., 2013; Gratton et al., 2013) . Our finding shows that the TMS impact remains within the targeted network. Although the stimulation locations are within a few centimeters, it is possible to dissociate stimulation effects on the cortical networks, revealing the functional resolution of noninvasive brain stimulation.
We observed that midline cerebellar stimulation upregulates connectivity in parietal areas of the dorsal attention system. The midline cerebellum includes a representation regarded as the ver- High-frequency stimulation to the LIPL reduces functional connectivity within the default network (modified from Eldaief et al. 2011) , whereas iTBS to the cerebellum default network node increases functional connectivity within the default network. All analyses were performed using a default network mask as functional connectivity seed (blue, decreases in functional connectivity; red, increases in functional connectivity).
mal oculomotor system (Voogd et al., 2012) , which receives anatomical projections from the lateral intraparietal area and frontal eye fields (Robinson and Fuchs, 2001; Prevosto et al., 2010) . Electrical stimulation of these regions in the macaque results in saccadic and pursuit eye movements (Krauzlis and Miles, 1998) . Lesions of the cerebellar vermis in humans produce smooth pursuit deficits (Baier et al., 2009) , and single pulses of TMS to the vermis disrupt eye movements (Hashimoto and Ohtsuka, 1995) . Midline cerebellar stimulation has also been noted to alter paced finger tapping, a visual-attentional task (Théoret et al., 2001) , described previously as altering cerebellar timing circuits, but the present findings suggest an alternative interpretation of an altered visuospatial attentional system. Likewise, visual motion task performance can be affected by midline cerebellar stimulation (Cattaneo et al., 2014) . Thus, the finding in the parietal cortex is consistent with cerebellar influence on visual attention (Allen et al., 1997) .
TMS to the cerebellum, while mediating motor function, has also demonstrated effects on cognitive, memory, and perceptual functions (Desmond et al., 2005; Pastor et al., 2006) , as well as nonsomatic functions (Demirtas-Tatlidede et al., 2011) . A recent fluorodeoxyglucose-positron emission tomography study (Cho et al., 2012 ) also found cortical metabolic changes after lowfrequency stimulation of lateral cerebellum. Critically, our study differs from that of Cho et al. (2012) in that we specifically targeted the default network node within the cerebellum using neuronavigation rather than using a scalp-based anatomical landmark (1 cm inferior and 3 cm lateral to the inion). This particular location has been shown, using continuous theta burst (a suppressive TMS protocol), to affect motor circuits (Koch et al., 2008) . Our study suggests that by mapping the functional topography of individual subjects, specific cortical networks may be targeted -and the impact of the stimulation on behavior can be better understood.
A cerebellar default network node
Altering default network connectivity via the node located in Crus I/II of the cerebellum is the first demonstration that the cerebellum plays an active role in shaping the cerebral cortical default network. Many reports of large-scale network function have understated cerebellar activity. Indeed, the first mention of a cerebellar default network node was by Fox et al. (2005) and was not fully investigated until Habas et al. (2009) did so and was finally located in the lateral hemispheres of the cerebellar posterior lobe by Buckner et al. (2011) , despite the earliest description of the default network by Raichle et al. (2001) . We demonstrate that TMS to a lateral region of the cerebellum in Crus I/II with increased functional connectivity to the default network affects cerebral cortical network functional connectivity. Previous studies have discussed alternate or additional cerebellar locations of node(s) of the default network: within the cerebellar tonsils (Fox et al., 2005) or lobule IX of the vermis (Habas et al., 2009) . It is possible that these other locations may also be causally linked to the default network. Our finding establishes membership of the lateral cerebellar region in Crus I/II within the default network by providing a mechanism to modulate the cerebral cortical structures of the default network.
The presence of network nodes within the cerebellum with functional connectivity correspondence to cortical networks has been demonstrated recently to be topographically organized (Habas et , 1991; Schmahmann and Pandya, 1997; Strick et al., 2009) , showing nonmotor organization within the cerebellum. Since the early work by Snider and colleagues (Snider and Stowell, 1946; Snider, 1950; Snider and Eldred, 1951) , it has been recognized that sensory and motor input to the cerebellum represents only a portion of the cerebellar topography in animals. The microstructure of the cerebellum remains similar regardless of location within the cerebellar cortex. As a result of this organized topography and the similarity of function within the motor system, it is reasonable to hypothesize that these network nodes serve an important function in modulating or mediating network activity (Schmahmann, 2004) . We demonstrate that TMS appears to have sufficient specificity to manipulate connectivity between cerebral network nodes. Additional investigation would be necessary to determine how the cerebellum modulates network function and the subsequent implications of network modulation on cognition.
Potential of network-based TMS therapy
Functional connectivity within the default network is reduced in a number of psychiatric and neurological illnesses (Fox and Greicius, 2010; Zhang and Raichle, 2010) . This is exemplified by the default network connectivity, which is reduced in Alzheimer's disease, reflecting pathological changes (Sperling et al., 2009; Sheline and Raichle, 2013) , and appears to serve as an early biomarker of disease (Chhatwal et al., 2013) . Therefore, it is conceivable that TMS could be used as a therapeutic intervention in this context, similar to the treatment of medication-resistant depression (Pascual-Leone et al., 1996; O'Reardon et al., 2007) , targeting the cerebellum to modify cortical network dynamics. When the underlying network dynamics of disease are understood, novel network-based therapies can be developed. Similarly, other network abnormalities, such as those observed within schizophrenia, may be mediated via cerebellar stimulation (DemirtasTatlidede et al., 2010) . With a better understanding of how brain stimulation affects cortical networks, there is realistic hope that we can create novel therapeutics to target network deficits.
